Traditional surgical shadowless halogen lamps are generally designed as projection type with many light bulbs, which can produce not only mercury pollution but also heat radiation that are serious problems to patient. The study utilized Runge-Kutta methods and mathematical algorithms to design and optimize the freeform lens. The LED (light-emitting diode) was adopted to replace the traditional halogen lamp. A uniform lens was designed and fabricated based on the energy conservation. At first, the light field of LED is concentrated through the freeform lens to improve the optical efficiency. Second, the three-shell elliptic curves are applied to the reflective surgical shadowless lamps, where only few LED chips are needed. Light rays emitting from different directions to the target plane can achieve the goal of shadowless. In this study, the LED's luminance flux is 1,895 lm. The shadow dilution on the target plane is 54%. (central illuminance) is 114,900 lux, and the 50 / 10 is 57% which is higher than the regulation by 7%, whereas the power consumption is only 20 W. The energy of reflective surgical shadowless lamps can save more than 50%, compared with the traditional projective one.
Introduction

Background.
The light source of traditional surgical shadowless lamps is usually halogen lamp, but it can cause serious environmental pollution. In order to achieve the goal of environmental protection, light emitting diode (LED) is applied to this research as light source; the advantages of LED are cold light, low color temperature, high color rendering, and long life term [1, 2] , that solved the heat radiation problems and the color performance of the surgical parts can be enhanced.
Surgical shadowless lamp which is designed to reduce the shadow generated by hands or surgical tools to meet the regulation plays a critically important role in the surgery room. But the energy consumption of projective shadowless lamps is too high to generate the problem of irradiance heat because there were many halogen lamps used as light source. Compared with projective surgical lamps, reflective shadowless lamps have been developed for a long time, a surgical lamp designed by an elliptic curve reflector was invented by Dorman in 1970 [3] , and the authors brought up another elliptic curve assembled by many long and thin lenses in 1979 [4] . Michael and Holt brought up a cone surface reflector combined with a refractive lens below the reflector [5] . Ries and Muschaweck developed three-dimensional design methods known as tailored freeform method, which can calculate asymmetric or symmetric optics surface [6] ; Fournier proposed a design methods that can ease the design of freeform reflectors and provide efficient, cost-effective solutions that avoid unnecessary energy consumption and light pollution in 2010 [7] . Canavesi et al. proposed a fast and simple algorithm to design two-dimensional reflector surfaces in 2012. Compared with the linear programming method, the direct calculation algorithm can produce the same result in shorter time [8] . In 2012, Chen et al. proposed a freeform reflector design method of uniform illumination. Moreover, the equation and the boundary condition could be determined by the characteristics of light source [9] .
Motivation.
Illumination system can be separated into three different parts, projection, reflection, and optical fiber. Freeform lenses are wildly used in projection system; light can be concentrated/diffused while going through two different materials. We can determine any kind of light field with freeform lens by using calculation and simulation process. The light in reflection system can be reflected to target plane by several reflective layers, which is calculated through math method. The illumination system in surgical room is required to have high illumination, high color rendering, glare free, and little irradiance.
Design Methods
Stacked Elliptic
Curve. The first part is stacked elliptic curve reflector. There are several methods to design and fabricate surgical lamps, such as refracting light to target plane by Fresnel lens which is composed of many different prisms [10] and utilizing continuous profiles to enhance the uniformity of light distribution [11] . Moreover, multireflector surgical lamp which combined parabola surface and elliptic curve as reflector and placed the light source at cofocus was brought up in 1990 by Harry [12] .
The reflector is stacked by three elliptic curves with different focuses. Each elliptic curve is an independent light source that makes light emit to the target plane from different angles, and the goal of the shadowless can be achieved. Equation (1) and Figure 1 are ellipse equation and ellipse diagram which are applied to the calculation of the stacked elliptic curves:
where and are half-length of major axis and minor axis, respectively. The 1 , 1 are the coordinates of the center point of the ellipse. The depth of reflector and the position of light source which is one of the focuses of the first elliptic curve have to be determined at the beginning. The diameter of light field on the target plane is set as 30 cm. Figure 2 shows that the target plane should be set at 1 m below the emission plane and 2 is the second focus of ellipse and the light passing through 2 can form a circle pattern with 30 cm diameter on the target plane according to the regulation [13] . The whole elliptic curve is stacked by 3 curves, and each of them has 30
∘ included angle as shown in Figure 3 , where 1 and 2 are the intersection points between 1 , 2 , and 3 . After 1 is sketched, the coordinate of 2 can be obtained by using Pro/E [14] engineering software. The 2 of 2 is determined by the diameter of light field, and the center point can be calculated as well. Then, the second elliptic curve can be sketched. The whole elliptic curve can be obtained by repeating the processes above, as shown in Figure 4 . 
Uniform Free-Form Lens.
LED light source can be considered a Lambertian distribution, and the light emission of half intensity angle is 60 ∘ that affects the uniformity of light distribution on the target plane. A secondary optical uniform lens is fabricated to solve the problems and the uniformity can be enhanced by using this design [15, 16] . The light distribution of a bare LED is Lambertian distribution, whose light distribution is defined as cosine exponential function of angle . The light intensity function is expressed in (2) . The light intensity as a function of angle from central axis is ( ) = cos ( ), where is a constant intensity, is light source, and value is determined by the half intensity angle 0.5 of LED. The half intensity angle of the LED is 60 degree; 
At first, the Cartesian plane and a spherical coordinate are established with the same origin of coordinate, where is the angle between the -axis and projection of a vector on theplane, and is the angle between the -axis and a vector. 
where ( , ) is the length of vector , and , , are shown in (6), The direction vector of incident light I is set as the unit vector from light source to uniform lens, as shown in (7) And O, the direction vector of emergent light, is the unit vector of emergent light that directs to the target plane T after refracting/reflecting from the lens curve P. Setting coordinate of lens curve P as ( , , ), the coordinates of target plane T are ( , , ). Therefore, O can be expressed as After substituting (6) into Snell's law, lens curve P can be obtained as
Equation (10) shows the law of energy conservation:
where is the total energy on the target plane. By solving the ordinary differential equation, x and z can be obtained. Pro/E is used to sketch the lens structures. Figure 7 is the cross-sectional figure of free-form lens sketched by Pro/E engineering software. 
Simulation of Stacked Shadowless Lamp
3.1. Simulation. Table 1 shows that there was no significant advancement for and 50 / 10 with more than three curves according to our simulation results. In addition, more curves could increase the difficulties of manufacture and cost. Summarizing the reasons above, we used 3 elliptic curves to compose the reflector.
The blocking of masks can lead to the decay of luminance. The central illuminance ( ) on the target plane which is 1 m below the light source should reach the minimum value of 40,000 lux and not exceed 160,000 lux according to the regulation. Table 2 shows the simulation result, and the with 1 or 2 masks meets the rule.
The light field diameter 50 / 10 should be higher than 0.5, where the 50 illuminance reaches 50% of and the 10 illuminance reaches 10% of . The most important is that the shadow dilution should be higher than 0.5 when the beam is obstructed by one or two masks, with or without tubes [13] . The commercial Trace Pro optical software is used to simulate the light emission of the stacked shadowless lamp. The LED we chose is fabricated by CREE incorporation, and the model number was CXA1816 with 1,895 lm. Figure 8 shows that the size of LED is 17.85 × 17.82 mm 2 and the effective emitting area is 36 mm 2 . To ensure that the shadowless dilution does meet the regulation, the under one and two masks should be measured as shown in Figure 9 , which is the structure diagram of simulation and the masks are placed 400 mm below the LED to block the light. Figures 10, 11 , and 12 are the simulation results and irradiance map of light emission with/without one or two masks, and the measurement results are listed in Table 2 .
Construction and Measurement. 3D (three-dimensional)
printing technology is used to fabricate the ABS resin mold of this stacked shadowless lamp. Vacuum evaporation process is adopted to coat the reflective aluminum-based material on the surface of the mold, as shown in Figure 13 . Figure 14 shows the real emission pattern on the target plane. From the photo, there was no shadow on the target plane while a mask is placed between light source and target plane. The actual measurement data is listed in Table 3 , which is measured by illuminometer.
Conclusion
In this research, we brought up a modified stacked elliptic curves shadowless lamp combined with uniform free-form lens. LED is used to the light source. The mold is fabricated by 3D printing technology and vacuum evaporation process. The on the target plane reaches 102,500 lux and 50 / 10 is higher than regulation one by 7%. The shadowless dilution is about 57%, which is higher than regulation one by 7%. Through this design, we can achieve the goals of long life term and environmental protection. In addition, the energy consumption is up to 50% without heat irradiance.
